Abstract: It is a great challenge to efficiently and effectively manage a bridge network of many different types of bridges, which requires optimal allocation of limited resources to the right management actions in the right time in a long time horizon. This paper has developed a life-cycle performance-based bridge facilities management methodology and the corresponding optimization model, which can (1) effectively measure and model the performance of the bridge network; (2) clearly define alternative management actions and effectively measure their effectiveness in improving the performance of the network; (3) optimally plan short-and longterm works programs and distribute the limited resources among these programs; (4) effectively predict the level of performance of the bridge network as a result of the optimized distribution of resources, plan of works, and schedule of management actions; and (5) timely pre-warn the expected consequences due to inadequate resources. A hypothetical example is provided to demonstrate the use of the proposed life-cycle performancebased optimization model.
INTRODUCTION
In a country, region, province/state, or city, there is usually a number of bridges, which are hereinafter referred to as the bridge network. Usually, it is the relevant (country, region, province/state, or city) government that is responsible for the operation and maintenance of this bridge network. To maintain the bridge network at or above a certain required level of performance/serviceability, various management actions have been taken to address a wide range of deterioration problems in the network. It is a great challenge to manage the bridge network efficiently and cost-effectively over a long time horizon, given (1) the complexity of the bridge network (e.g., different types, sizes, ages, and functional requirements of bridges in the network); (2) the wide range of risks and uncertainties (e.g., fluctuation of labor and material prices, material properties, construction quality, loading and usage, weather and other environmental conditions); (3) the different deterioration mechanisms of different bridge components/elements over a long time horizon; and (4) the limited public financial budgets.
Efficient and cost-effective bridge facilities management requires optimal allocation of the limited resources to the right management actions in the right time for all the bridges in the network and their components/elements such that the overall performance of the network over a long time horizon is maximized (Mori and Ellingwood 1993; Stewart 2001; Kong and Frangopol 2003; Robelin and Madanat 2007; Kobayashi et al. 2012; Zhang and Gao 2012) . Here, the key issue is how to determine the right management actions for individual bridges, components and elements at any time of a long time horizon from the point of view of the bridge network. To deal with this issue, this paper has developed a life-cycle performance-based bridge facilities management methodology and the corresponding mathematical model, which are characterized by the following five aspects:
1. The bridge network is hierarchically broken down with each bridge decomposed into standardized components and elements, and the possible management actions for each bridge elements are also standardized; 2. The bridge condition index (BCI) is used to mea-*Email: zhangxq@ust.hk sure the performance of the bridge network and the bridges, components and elements of the network; 3. The Markov chain is used to model the change of the element BCI over a long time horizon; 4. The Markov decision process is used to evaluate the efficiency and cost-effectiveness of the management actions taken annually on all bridge elements in terms of overall performance of the bridge network over a long time horizon; 5. An integer-programming model is developed to optimize the annual management actions and the consequent resource allocation in the bridge network over a long time horizon.
This paper is organized as follows: Section one provides a brief introduction to the proposed lifecycle performance-based bridge facilities management methodology. Section two develops a hierarchical structure of the bridge network. Section three discusses the performance measurement of bridge facilities. Section four explains the rationale of the lifecycle performance-based methodology. Section five discusses the application of the Markov decision process in bridge facilities management. Section six develops an optimization model to implement the life-cycle performance-based methodology through the Markov decision process. Section seven provides a case study to demonstrate the use of the optimization model. Finally, the paper ends with conclusions.
HIERARCHICAL STRUCTURE OF THE BRIDGE NETWORK
A hierarchical structure is developed for the bridge network as shown in Figure 1 , which incorporates four levels: network level, bridge level, component level and element level. Basically, the network includes L bridges; each bridge is decomposed into three components (component 1 -substructure, component 2 -superstructure, and component 3 -bridge component); and each component is decomposed into some elements (component 1 into nine elements, component 2 into three elements, and component 3 into five elements). The development of a standard hierarchical structure facilitates a systematic approach to the facilities management of the bridge network in many ways. For example, it facilitates (1) the reference of bridges, components and elements of the network; (2) the reference of management actions taken on each element of the network and the corresponding allocation of resources; (2) collection, storage, tracking, monitoring and updating of information associated with each element, component, bridge or the bridge network as a whole in a long time horizon, for example, the annual BCI, annual management action and annual resource allocation for each bridge element; and (3) data mining and statistical analysis for various purposes in the operation and management of the bridge network, for example, prediction of future performance of the bridge network and benchmarking of the performance of different bridges in the network.
PERFORMANCE MEASUREMENT OF BRIDGE FACILITIES

Bridge Condition Index as a Performance Measure
The BCI is a composite measure of a number of key factors (such as distress, structural capacity, safety, and appearance) related to the physical condition of a Figure 1 . Hierarchal structure of a bridge network bridge facility. For example, the NBI Bridge Element Condition Rating developed by the U.S. Federal Highways Administration describes the severity of the deterioration of bridge elements and the extent to which it distributed (FHWA 1995) . The BCI may take a numerical value on a continuous scale of [0, 1] , where 0 represents the worst condition and 1 represents the best condition. This continuous scale may be converted to several descriptive categories, which are discussed in a following section. The BCI can be used to measure the performance of a bridge element, component, bridge or the bridge network. Once the BCIs of all bridge elements are determined, the BCIs of all components, bridges and the bridge network as a whole can be derived as functions of the BCIs of the elements, taking into consideration of the relative importance of the elements, components, and bridges. This is discussed in detail in the following.
Bridge Condition Index of an Element
The BCI of a bridge element is defined as follows: 
Bridge Condition Index of a Component
The BCI of a component is determined by the following equations:
where BCI lm t is the BCI of component m of bridge l at time t; W lmn is the weight assigned to element n of component m of bridge l,
is the number of components included in bridge l; and L is the number of bridges in the network.
Bridge Condition Index of a Bridge
The BCI of a bridge is determined by the following equations:
where BCI l t is the BCI of bridge l at time t; and W lm is the weight assigned to component m of this bridge,
Bridge Condition Index of the Bridge Network
The BCI of the bridge network is determined by the following equation:
where BCI t is the BCI the bridge network at time t; and W l is the weight assigned to bridge l,
RATIONALE OF LIFE-CYCLE PERFORMANCE-BASED FACILITIES MANAGEMENT
Desirable Functions of Life Cycle Performance-based Facilities Management
It is envisaged that the life-cycle performance-based facilities management model is capable of (1) effectively measuring and modeling the performance of the bridge network and its components and elements over a long time horizon; (2) clearly defining alternative management actions and effectively measuring their effectiveness in improving the performance of the corresponding elements, components, bridges and the network; (3) optimally planning short-and long-term works programs and distributing the limited resources among these programs; (4) effectively predicting the level of performance of the bridge network, its bridges, and the components and elements of a bridge as a result of the optimized distribution of resources, plan of works, and schedule of management actions; and (5) timely prewarning the expected consequences (e.g., serious deterioration and possible failures of part of the bridge network) due to inadequate resources.
Long Time Horizon
Management actions are taken to improve or maintain the bridge network at a certain required level of performance/serviceability as measured by the BCI. The effectiveness and efficiency of management actions should be evaluated in a long time horizon. In this regard, the expected service life (ESL) of a typical bridge in the bridge network may be used as the time horizon. According to the definition of ESL by Hudson et al. (1997) , the ESL of a bridge is the period from the completion of the bridge to the time when the bridge cannot provide acceptable service because of physical deterioration, functional obsolescence and/or high operation costs. 
Change of Condition Index in Long Time Horizon
The deterioration process of an infrastructure element is often graphically modeled as an S-shaped curve as shown in Figure 2 (Hudson et al. 1997; Zhang 2006 ). The exact shape of this S-curve is dependent on a number of factors such as material property, load and frequency of usage, years in service, and weather conditions. The slope of the curve indicates the rate of deterioration. At any time point t, the slope is less than zero because of the continuous deteriorating of the element if without any management intervention When this element is in its best condition, it has a small slope which indicates a good performance. With the age increasing, an increasing slope indicates worsening performance and possible early failure of the element. The deterioration accelerates to the minimum acceptable level and the element is nearly unusable with incipient functional and structural failure. If a management action such as major rehabilitation is taken at some time point in the life cycle of the element, the BCI of the element will be increased to some higher level immediately after the completion of the action. Then, starting from this higher level, the element deteriorates in the current period following a curve as shown in Figure 3 in the same deteriorating mechanism as that of the element before the management action is taken if the basic deterioration mechanism has not been changed materially by the management action. A new deteriorating curve needs to be developed if the deteriorating mechanism is substantially changed by the management action. Consequently, the element will deteriorate following the changed mechanism.
Stochastic Performance of Bridge Facilities
Figures 2 and 3 illustrate a deterministic approach to the deterioration process and the change of BCI under management actions. However, a wide range of factors (e.g., property of materials, construction quality, loading and usage of the bridge, and weather condition) affect the BCI of the element. There are substantial variability and uncertainty of these factors, which have a combined effect on the BCI and render it to a stochastic variable:
1. The element may go to different conditions with varying probabilities immediately after a management action is taken; and 2. During the current period after a management action is taken, the element may deteriorate to different conditions with varying probabilities by the end of the current period (the beginning of the following period).
Cost-Effectiveness of Management Actions
The performance of any bridge element continuously deteriorates over time if no management action is taken on it. To maintain the element's performance at or above a certain level, management actions are necessary to improve the BCI of the element. This is also true for the overall performance of the bridge network as the performance of the network is a function of the performance of all bridge elements. Different management actions have different effects on the future performance of the element. For example, a routine maintenance action will make little improvement on the BCI of an element that is currently in a poor condition whereas a replacement action will change the element to a completely new condition. Furthermore, different costs are required for different management actions on different bridge elements. For the same element, increasing costs are needed for routine maintenance, minor rehabilitation, major rehabilitation, and replacement. For the same management action, the cost is different one element from another.
From previous discussion, it is known that the longer the duration having a small slope is, the better the performance of the element. Therefore, management actions should be made in a cost-effective way such that the overall performance of the bridge network is maximized over the planned long time horizon. This in essence requires that the limited budget be allocated to management actions that maximize the marginal performance improvement of the bridge network per unit of budget spent. Generally, this requires that management actions be taken to avoid higher rate of deterioration over the planned long time horizon, taking into consideration of the relative importance of the bridges, components and elements.
BRIDGE FACILITIES MANAGEMENT THROUGH MARKOV DECISION PROCES
A Markov decision process consists of five aspects (Puterman 1994): decision epochs, states, actions, transition probabilities and rewards, which are discussed in the following in the context of bridge facilities management. Cesare et al. (1992) and Scherer and Glagola (1994) have proved the validity of the Markovian assumption in the bridge deterioration.
Decision Epochs and Periods
Decision epochs are the points of time when decisions are made. For the management of bridge facilities, assume that decisions are made at the beginning of each year of the planned time horizon of N years, and let T denote the set of decision epochs, then
State and Action Sets
At each decision epoch, each element occupies a state, the BCI of the element. Let Ω denote the set of possible states for each element. Ω = [0, 1], which is a continuous set of states, which may be converted to a descriptive and discrete state set Ω'= E, G, F , P , I, where E (excellent) = E min ≤ BCI ≤ 1, E min is the minimum numerical value of BCI that belongs to category E; G (good) = G min ≤ BCI < E min , G min is the minimum numerical value of BCI that belongs to category G; F (fair) = F min ≤ BCI < G min , F min is the minimum numerical value of BCI that belongs to category F ; P (poor) = P min ≤ BCI < F min , P min is the minimum numerical value of BCI that belongs to category P ; and I (insufficient) = 0 ≤ BCI < P min . At the beginning of year t, a management action a is taken on an element that is at state I t ∈ Ω. Assume that there are always four standard actions (a 1 = replacement, a 2 = major rehabilitation, a 3 = minor rehabilitation, and a 4 = no action) no matter at what state an element is, then A = a 1 , a 2 , a 3 , a 4 is the set of management actions. Ω and A do not vary with time t.
Rewards and Transition Probabilities
For any bridge element in state I t ∈ Ω at the beginning of year t, if an action a ∈ A is taken, then there are two variables to measure the transition probabilities:
1. P ItaIt , which measures the probability the element BCI goes from state I t to state I ta immediately after action a is taken; and 2. Q It+1Ita , which measures the probability the element BCI goes from state I ta to state I t+1 (I t+1 ≤ I ta due to deterioration in year t) at the beginning of year t+1 before any action is taken.
A reward R ta is received as a result of taking action a. This reward may be measured by the average performance of the element in year t as calculated in the following equations:
where Ita∈Ω P ItaIt = 1 and It+1∈Ω Q It+1Ita = 1 for t = 1, 2, . . . , N , and a = 1, 2, 3 and 4.
LIFE CYCLE PERFORMANCE-BASED OPTIMIZATION MODEL
Based on the ideas discussed in previous sections, an integer-programming model based on the Markov decision process has been developed. The objective of the optimization model is to maximize the overall performance of the bridge network over the planned long time horizon by optimizing the set of annual management actions on all bridge elements, subject to various constraints, such as annual budget and minimum performance requirements for the bridge network. Details of this model are presented in the following sections. ; a = an action to be taken, and a = 1 (replacement), 2 (major rehabilitation), 3 (minor rehabilitation), and 4 (routine maintenance).
Decision Variable
Objective Function
where Z t = weighted overall performance level of the bridge network in year t; I lmn ta = condition index of element n of component m of bridge l at the beginning of year t immediately after a management action a is taken, when the element is at condition I lmn t at the beginning of year t before any action is taken; P I lmn ta I lmn t = probability of element n of component m of bridge l to go to condition I lmn ta immediately after a management action a is taken when it is in condition I lmn t at the beginning of year t, 
Constraints
Budget Constraints
where C a tI lmn t = cost corresponding to management action a when element n of component m of bridge l is at condition I lmn t in the beginning of year t; and B t is the total budget available for the bridge network in year t.
(2) Bridge Budget Constraints 
Minimum Acceptable Performance Constraints
Minimum performance levels may be required for the bridge network, individual bridges, components and elements, depending on their relative importance, health, safety and environment requirements, and the economics.
(1) Minimum Element Performance Requirement 
where BCI lm is the required minimum level of performance for component m of bridge l. 
where BCI l is the required minimum performance level for bridge l.
where BCI is the required minimum performance level for the bridge network. 
Only One Action Actually Taken for an Element
CASE STUDY
A case study of a hypothetical bridge network that includes two bridges (1 and 2) is conducted to demonstrate the application of the proposed life-cycle performance-based optimization model for bridge facilities management. For simplicity and convenience, in the breakdown of the bridge network, the component or element number is used to represent the corresponding component or element instead of using the name of the component or element. Please note that the input data used in this case study are hypothetical and may not reflect the reality.
Life-Cycle Performance-Based Optimization Model
Objective Function
For simplicity, assume that (1) the weights of 0.4 and 0.6 are used for bridges 1 and 2 respectively to reflect their relative importance; (2) the three components of bridge 1 or 2 are equally important; and (3) the elements in each of the three components of bridge 1 or 2 are equally important, then the objective function can be expressed as follows:
where N lm = 9, W lmn = 1/9 if m = 1; N lm = 3, W lmn = 1/3 if m = 2; and N lm = 5, W lmn = 1/9 if m = 3, for l = 1, 2.
Network Budget Constraint
Assume that the total budget available for the bridge network is $1,000,000 per year, then
Minimum Element Performance Requirement
Assume that the minimum required level of performance for any bridge element is 0.3, which is the mean value of BCI in the category of P (poor), then 
Minimum Year-end Element BCI Requirement
Assume that the minimum required BCI for any bridge element at the end of the current year before any management action is taken is 0.3, which is the mean value of BCI in the category of P (poor), then 
Minimum Bridge Performance Requirement Assume that the minimum required level of performance for any bridge is 0.6, which is the minimum value of BCI in the category of G (good), then
Minimum Network Performance Requirement
Assume that the minimum required level of performance for the bridge network is 0.6, which is the minimum value of BCI in the category of G (good), then 
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Inputs of the Optimization Model
Current Element Condition Indexes
The current BCIs of the bridge elements in components 1 to 3 of bridges 1 and 2 are shown in Table 1 in both descriptive category and numerical value. For simplicity, the mean value of BCI in a particular category is used to represent the BCI in that category. This means that the BCI of an element is assigned a value of 0.9, 0.7, 0.5, 0.3 or 0.1 if the element is assessed to be in category E, G, F , P , or I.
Transition Probabilities
The transition probabilities Q I lmn t+1 I lmn ta of all bridge elements of the bridge network are shown in Table 2 . Here, for simplicity, it is assumed that for the same current condition state, the elements in the same component of a bridge have the same transition probabilities to go to different states. For example, for the same current state of E, all elements in component 1 of bridge 1 have a 0.7 probability to go to E, 0.2 probability to G, 0.1 probability to F , 0 probability to P , and 0 probability to I.
Regarding P I lmn ta I lmn t , for simplicity it is assumed that a management action will bring an element to a particular state with a probability of 1 as shown in Table 3 .
Performance Effects of Management Actions
Theoretically, for any bridge element in any condition state there are four standard management actions, replacement, major rehabilitation, minor rehabilitation and routine maintenance. However, some management actions are intuitively unreasonable for a bridge element in some state. For example, for an element in state E, it is intuitively unreasonable to take a replacement, major rehabilitation, or minor rehabilitation action. Therefore, for an element in state E these management actions are not considered in the optimization model. Similarly, for an element in state G, the management actions of replacement and major rehabilitation are not considered; and for an element in state F the management action of replacement is not considered. The possible management actions for an element in different states are shown in Table 3 . This table also shows the effect a management action has on the element in a particular state. For example, for an element in state F , major rehabilitation and minor rehabilitation will bring the element to state E and G respectively while routine maintenance has no effect. 
Costs of Management Actions
At the beginning of the year, a management action is taken on an element. A cost is incurred to implement this action. The same management action may incur different costs for the same element in different states. For example, the cost of a major rehabilitation action for an element in state P may be more than that of the same action for the same element in state F . However, for simplicity in this case study it is assumed that the same management action has the same cost for the same element no mater the element is in what state. Table 4 shows the costs corresponding to the four standard management actions for all elements of the bridge network. For each element it is assumed that the costs of major rehabilitation, minor rehabilitation and routine maintenance are 40%, 20% and 5% of the replacement cost, respectively.
Outputs of the Optimization Model
The following information can be obtained based on the solutions of the optimization model.
Management Actions to Take
Annual If Y a tI lmn t = 1, management action a is taken when element n of component m of bridge l is in condition I lmn t at the beginning of year t; if Y a tI lmn t = 0, management action a is not taken. Please see Table 5 for the detailed results of the management actions to be taken on all bridge elements of the bridge network and the effects of these management actions. The details of the budget allocation to the elements, components and bridges of the bridge network are shown in Table 6 . 
Annual Budget Allocation to a Bridge, Component or Element
The details of the expected performance level of all elements, components and bridges of the network are shown in Table 7 .
Different Scenarios and Sensitivity Analysis
Please note that the outputs discussed in the above are corresponding to a particular scenario, that is, based on predetermined values of a set of important variables, such as C . As there are many uncertainties in the determination of these values, different scenarios of these variables can be explored to provide more decision-support information. To save space, the detailed results of the scenario and sensitivity analysis are not provided in this paper.
